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SUMMARY 
S o l a r  PV and  t h e r m a l  dynamic  power  sys tems  
f o r  a p p l i c a t i o n  t o  s e l e c t e d  LEO and  HE0 m i s s i o n s  
a r e  c h a r a c t e r i z e d  i n  t h e  r e g i m e  7 to  35 kWe. I n p u t  
p a r a m e t e r s  t o  t h e  c h a r a c t e r i z a t i o n  a r e  v a r i e d  c o r -  
r e s p o n d i n g  t o  a n t i c i p a t e d  i n t r o d u c t i o n  o f  i m p r o v e d  
or new t e c h n o l o g i e s .  C o m p a r a t i v e  assessmen t  i s  
made be tween  t h e  two power s y s t e m  t y p e s  u t i l i z i n g  
n e w l y  e m e r g i n g  t e c h n o l o g i e s  i n  c e l l s  and a r r a y s ,  
e n e r g y  s t o r a g e ,  o p t i c a l  s u r f a c e s ,  h e a t  e n g i n e s ,  
t h e r m a l  e n e r g y  s t o r a g e  a n d  t h e r m a l  management. 
The a s s e s s m e n t  i s  made t o  common g r o u n d  
r u l e s  and  a s s u m p t i o n s .  The four m i s s i o n s  ( s p a c e  
s t a t i o n ,  S u n - s y n c h r o n o u s ,  Van A l l e n  b e l t  and  GEO) 
a r e  r e p r e s e n t a t i v e  o f  t h e  a n t i c i p a t e d  r a n g e  o f  
m u l t i - k i l o w a t t  E a r t h - o r b i t  m i s s i o n s .  Sys tem c h a r -  
a c t e r i z a t i o n s  i n c l u d e  a l l  r e q u i r e d  subsys tems ,  
ID i n c l u d i n g  power c o n d i t i o n i n g ,  c a b l i n g ,  and  s t r u c -  
8 t u r e ,  t o  d e l i v e r  e l e c t r i c a l  power t o  t h e  u s e r .  
P e r f o r m a n c e  i s  e s t i m a t e d  o n  t h e  b a s i s  of t h r e e  d i f -  
f e r e n t  l e v e l s  o f  componen t  t e c h n o l o g y :  ( 1 )  
s t a t e - o f - a r t ,  ( 2 )  n e a r - t e r m ,  and  ( 3 )  advanced  t e c h -  
n o l o g i e s .  These r a n g e  from p l a n a r  a r r a y  s i l i c o n  
p h o t o v o l t a i c s  w i t h  I P V  n i c k e l  h y d r o g e n  b a t t e r i e s  
a n d  B r a y t o n  sys tems  a t  1000  K ( s t a t e - o f - a r t ) ,  t o  
t h i n  f i l m  GaAs s o l a r  c e l l s  w i t h  h i g h  e n e r g y  d e n s i t y  
s e c o n d a r y  b a t t e r i e s  or  r e g e n e r a t i v e  f u e l  c e l l s  
a n d  1300  K S t i r l i n g  sys tems  w i t h  u l t r a l i g h t w e i g h t  
c o n c e n t r a t o r s  a n d  r a d i a t o r s  ( a d v a n c e d ) .  The sys -  
t e m  e s t i m a t e s  i n c l u d e  d e s i g n  m a r g i n  for  p e r f o r m -  
a n c e  d e g r a d a t i o n s  f r o m  t h e  known e n v i r o n m e n t a l  
mechanisms ( m i c r o m e t e o r o i d s  a n d  space  d e b r i s ,  
a t o m i c  o x y g e n ,  e l e c t r o n  a n d  p r o t o n  f l u x )  w h i c h  a r e  
m o d e l e d  and a p p l l e d  d e p e n d i n g  o n  t h e  m i s s i o n .  
The r e s u l t s  g i v e  e x p e c t e d  p e r f o r m a n c e ,  mass 
a n d  d r a g  o f  m u l t i - k i l o w a t t  E a r t h - o r b i t i n g  s o l a r  
power  s y s t e m s  and  show how o v e r a l l  s y s t e m  f i g u r e  
o f  m e r i t  w i l l  i m p r o v e  as  new component  t e c h n o l o -  
g i e s  a r e  i n c o r p o r a t e d .  F o r  examp le ,  a g g r e s s i v e  
d e v e l o p m e n t  o f  s u p p o r t i n g  component  t e c h n o l o g i e s  
for  s o l a r  dynamic  power  sys tems  may r e s u l t  i n  a 3 
t o  1 improvemen t  o v e r  SOA. On t h e  o t h e r  hand,  
i n c o r p o r a t i o n  o f  i m p r o v e d  c e l l  a n d  e n e r g y  s t o r a g e  
t e c h n o l o g i e s  i n t o  p h o t o v o l t a i c  power  sys tems  may 
r e s u l t  i n  a 4 t o  1 i m p r o v e m e n t .  A l t h o u g h  c o m p a r i s o n  
be tween  t h e  two o n  t h e  b a s i s  of mass a n d  d r a g  o n l y  
i s  n o t  t h e  s o l e  b a s i s  for power  s y s t e m  s e l e c t i o n ,  
i t  i s  i n d i c a t i v e  o f  b a s i c  t e c h n o l o g i c a l  t r e n d s .  
INTRODUCTION 
S o l a r  dynamic  sys tems  h a v e  l o n g  been  r e c o g -  
n i z e d  as a v i a b l e  a l t e r n a t i v e  t o  p h o t o v o l t a i c  
(PV) sys tems  as  a s o u r c e  o f  e l e c t r i c a l  power for 
s p a c e c r a f t  i n  E a r t h  o r b i t .  When compared t o  
s t a t e - o f - a r t  (SOA) PV sys tems  a t  m i s s i o n  power 
l e v e l s  i n  t h e  m u l t i k i l o w a t t  r a n g e ,  t h e  s o l a r  
dynamic  s y s t e m  d e s i g n s  have  h i g h e r  c o l l e c t o r  and 
c o n v e r s i o n  e f f i c i e n c i e s  t h a n  P V  s y s t e m s ,  l e a d i n g  
to  r e d u c e d  w e i g h t  and d r a g  111. Much of t h i s  
a d v a n t a g e  has t o  d o  w i t h  dynamic  s y s t e m ' s  u s e  of 
c o n c e n t r a t i o n  to  p r o d u c e  a h i g h  t e m p e r a t u r e  h e a t  
Source  t h a t  can d r i v e  a h e a t  e n g i n e  a t  h i g h e r  
c o n v e r s i o n  e f f i c i e n c i e s  t h a n  t h e  s o l a r  c e l l s  f l own  
to  d a t e .  
T h e r e  a r e  a l s o  t h e o r e t i c a l  a d v a n t a g e s  t h a t  
have  t o  d o  w i t h  t h e  s t o r a g e  of e n e r g y  for  t h e  d a r k  
s i d e  p o r t i o n  of t h e  o r b i t  w h i c h  i n  LEO a c c o u n t s  
for o u g h l y  o n e - t h i r d  o f  t h e  c y c l e .  The PV Sys tem 
m u s t  c o l l e c t ,  c o n v e r t  and s t o r e  a l l  t h e  e n e r g y  
r e q u  r e d  f o r  t h e  d a r k s i d e  p e r i o d  as  e l e c t r i c a l  
e n e r g y ,  w h i c h  r e q u i r e s  a s t o r a g e  medium t h a t  i s  
r e l a t i v e l y  h e a v y  and  i n e f f i c i e n t .  The c o l l e c t o r  
and power c o n v e r s i o n  m u s t  b o t h  be o v e r s i z e d  i n  
o r d e r  t o  c o l l e c t  t h i s  e n e r g y  d u r i n g  t h e  s u n l i t  
p o r t i o n .  On t h e  o t h e r  hand  t h e  s o l a r  dynamic  (SD) 
s y s t e m  s t o r e s  i t s  d a r k s i d e  e n e r g y  as  h e a t  w h i c h  i s  
c o n t a i n e d  i n  a much more e n e r g y - d e n s e  medium 
(302  W-hr /kg f o r  l i t h i u m  f l u o r i d e  t h e r m a l  s t o r a g e  
v e r s u s  10 to  50 W-hr / kg  f o r  s e c o n d a r y  b a t t e r i e s ) .  
The SD s y s t e m  t h e n  p e r f o r m s  c o n v e r s i o n  t o  e l e c t r i -  
c a l  power c o n t i n u o u s l y  d u r i n g  t h e  e n t i r e  o r b i t  so 
t h a t  o n l y  t h e  c o l l e c t o r  has  t o  be o v e r s i z e d ;  t h e  
c o n v e r t e r  ( h e a t  e n g i n e  and  r a d i a t o r )  does n o t .  
were n e v e r  d e v e l o p e d  f o r  space  u s e .  
SD d e v e l o p m e n t  was c u r t a i l e d  i n  1970 because  a n t i -  
c i p a t e d  power r e q u i r e m e n t s  for  t h e  r e m a i n i n g  m i s -  
s i o n s  ( t y p i c a l l y  l e s s  t h a n  1 kWe) were too low for  
t h e s e  a d v a n t a g e s  t o  be e f f e c t i v e l y  e x p l o i t e d ;  as  a 
r e s u l t  p h o t o v o l t a i c s  h a v e  b e e n  t h e  s o l a r  power  s y s -  
tem of c h o i c e  for a l l  m i s s i o n s  f l o w n  t o  d a t e .  With 
t h e  a n t i c i p a t e d  i n c r e a s e  i n  power  r e q u i r e m e n t s  for  
space  s t a t i o n  m i s s i o n s  a n d  b e y o n d ,  h o w e v e r ,  t h e  
a d v a n t a g e s  o f  s o l a r  dynamic  s y s t e m s  a r e  a g a i n  b e i n g  
e x p l o r e d .  
D e s p i t e  t h e s e  a d v a n t a g e s  s o l a r  dynamic  sys tems  
f u n d i n g  f o r  
1 
To b r i n g  space  s o l a r  dynamics  t o  f r u i t i o n ,  
s e v e r a l  d i f f e r e n t  component  t e c h n o l o g i e s  m u s t  be 
c o n c u r r e n t l y  d e v e l o p e d .  T h e r e  a r e  p r o g r a m s  u n d e r -  
way t o  a c c o m p l i s h  t h i s .  I n  a d d i t i o n  t o  t h e  s o l a r  
dynamic  power m o d u l e  d e v e l o p m e n t  e f f o r t  f o r  space 
s t a t i o n ,  advanced  c o n c e n t r a t o r  and h e a t  r e c e i v e r  
t e c h n o l o g y  i s  b e i n g  d e v e l o p e d  f o r  h i g h e r  tempera -  
t u r e  B r a y t o n  and  S t i r l i n g  sys tems  ( t h e  B r a y t o n  con-  
v e r s i o n  i s  c o n s i d e r e d  t o  be m a t u r e  t e c h n o l o g y  w h i l e  
t h e  S t i r l i n g  i s  i n  advanced  d e v e l o p m e n t  s t a g e ) .  If 
a d e q u a t e  f u n d i n g  f o r  t h e s e  p r o g r a m s  i s  c o n t i n u e d ,  
v e r i f i c a t i o n  o f  advanced  c o n c e n t r a t o r  and h e a t  
r e c e i v e r  components c o u l d  be e x p e c t e d  i n  t h e  
1993-94 t i m e f r a m e .  S u c c e s s f u l  d e v e l o p m e n t  of 
t h e s e  components s h o u l d  l e a d  t o  a space  power sys -  
t em w i t h  u n i q u e  c a p a b i l i t i e s ,  w e l l  s u i t e d  t o  cap-  
t u r e  some o f  t h e  f u t u r e  h i g h  power space  m i s s i o n s  
t h a t  a r e  c o n t e m p l a t e d .  
To see where  t h e  s t a t e  o f  SD t e c h n o l o g y  may 
p r o g r e s s  i f  t h e s e  componen ts  c a n  b e  s u c c e s s f u l l y  
d e v e l o p e d ,  i t  i s  u s e f u l  t o  c o n s i d e r  i t s  c o m p e t i -  
t i v e  p o t e n t i a l  v i s  a v i s  t h e  more w e l l  e s t a b l i s h e d  
PV s y s t e m s ,  c o n s i d e r i n g  t h e  o v e r a l l  s y s t e m  i m p r o v e -  
men ts  to e a c h  t h a t  may r e s u l t  i f  new or i m p r o v e d  
component  t e c h n o l o g i e s  become a v a i l a b l e .  To d o  
t h i s ,  a s t u d y  was p e r f o r m e d  t o  c h a r a c t e r i z e  b o t h  
s o l a r  PV and  t h e r m a l  dynamic  power sys tems  as  com- 
p e t i t o r s  w i t h  r e s p e c t  t o  t h e i r  mass a n d  d r a g  a r e a .  
Mass and  d r a g  a r e a  a r e  no t  t h e  o n l y  a t t r i b u t e s  t o  
b e  c o n s i d e r e d  i n  s e l e c t i o n  o f  power sys tems  f o r  
space  u s e ;  b u t  t h e y  a r e  i m p o r t a n t  d i s c r i m i n a t o r s .  
o f  m u l t i k i l o w a t t - e l e c t r i c  m i s s i o n s  a n t i c i p a t e d  f o r  
t h e  p o s t  1990  t i m e f r a m e ,  were  c h o s e n .  They r a n g e d  
from space  s t a t i o n  i n  LEO t o  a m i l i t a r y  m i s s i o n  i n  
t h e  Van A l l e n  B e l t  ( T a b l e  I ) .  T y p i c a l l y  LEO m i s -  
s i o n s  e n c o u n t e r  h i g h e r  d r a g ,  where  s o l a r  dynamic  
s y s t e m s  s h o u l d  h o l d  a n  a d v a n t a g e  due t o  r e d u c e d  
c o l l e c t o r  a r e a  r e s u l t i n g  from t h e i r  h i g h e r  o v e r a l l  
c o n v e r s i o n  e f f i c i e n c y .  Van A l l e n  B e l t  m i s s i o n s  
s h o u l d  a l s o  f a v o r  s o l a r  dynamic  sys tems  due t o  
t h e i r  i n h e r e n t  i n s e n s i t i v i t y  t o  r a d i a t i o n  w h i c h  
d e g r a d e s  t h e  P V ' s .  On t h e  o t h e r  h a n d  t h e  Sun- 
s y n c h r o n o u s  m i s s i o n ,  w h i c h  has  n o  d a r k s i d e  p e r i o d ,  
s h o u l d  f a v o r  t h e  P V ' s  i n s t e a d  s i n c e  n o  e n e r g y - s t o r -  
age  i s  r e q u i r e d .  
W i t h  t h e  m i s s i o n  r e q u i r e m e n t s  e s t a b l i s h e d ,  
s o l a r  dynamic  and  p h o t o v o l t a i c  power  s y s t e m  concep-  
t u a l  d e s i g n s  were  g e n e r a t e d  for  e a c h  m i s s i o n  o n  
t h e  b a s i s  o f  t h e  m a j o r  s y s t e m  componen ts :  
S o l a r  Dynamics  
F o u r  n e a r - E a r t h  o r b i t  m i s s i o n s ,  r e p r e s e n t a t i v e  
C o n c e n t r a t o r  
H e a t  r e c e i v e r  and  t h e r m a l  e n e r g y  s t o r a g e  
Power c o n v e r s i o n  ( h e a t  e n g i n e  a n d  
H e a t  r e j e c t i o n  ( r a d i a t o r )  
S t r u c t u r e  and  e l e c t r i c a l  h a r d w a r e  
P h o t o v o l t a i c  sys tems  
a l t e r n a t o r )  
P h o t o v o l t a i c  a r r a y  
E n e r g y  s t o r a g e  
H e a t  r e j e c t i o n  
S t r u c t u r e  and  e l e c t r i c a l  h a r d w a r e  
w h i c h  were c h a r a c t e r i z e d  t o  i n d i v i d u a l  f i g u r e s  o f  
m e r i t  based  o n  component  t e c h n o l o g y  d e v e l o p m e n t s  
r e p o r t e d  i n  t h e  l i t e r a t u r e .  F i g u r e s  o f  m e r i t  for 
s o l a r  dynamic  components w o u l d  i n c l u d e  s o l a r  
c o n c e n t r a t o r  k i l o g r a m s  p e r  s q u a r e  m e t e r ,  h e a t  
r e c e i v e r  and  h e a t  e n g i n e  k i l o g r a m s  p e r  k i l o w a t t ,  
r a d i a t o r  k i l o g r a m s  p e r  s q u a r e  m e t e r  and so o n ;  f o r  
p h o t o v o l t a i c  sys tems  i t  w o u l d  b e  p a r a m e t e r s  such 
as e l e c t r i c a l  w a t t s  p e r  s q u a r e  m e t e r  o f  s o l a r  
a r r a y  b l a n k e t ,  e n e r g y  s t o r a g e  w a t t - h o u r s  p e r  k i l o -  
g ram and so f o r t h .  
for  t h e  m i s s i o n s  o f  i n t e r e s t ,  SD and  PV power  
s y s t e m  d e s i g n s  were  g e n e r a t e d  t o  meet  t h e  m i s s i o n  
r e q u i r e m e n t s ,  a s s u m i n g  p h y s i c a l  c o n f i g u r a t i o n s  
a c c o r d i n g  t o  F i g s .  1 and 2 for  s o l a r  dynamic  and  
p h o t o v o l t a i c  sys tems  r e s p e c t i v e l y .  Each d e s i g n  
was o p t i m i z e d  f o r  t h a t  p a r t i c u l a r  m i s s i o n ,  t a k i n g  
i n t o  a c c o u n t  v a r i o u s  p e r f o r m a n c e  and  d e g r a d a t i o n  
f a c t o r s  a s s o c i a t e d  w i t h  l e n g t h  o f  m i s s i o n  and  expo-  
s u r e  to o r b i t a l  a n d  e n v i r o n m e n t a l  e f f e c t s  w h i c h  
a f f e c t  p e r f o r m a n c e ,  or mus t  be compensa ted  for  by 
a d d i t i o n a l  mass.  These e f f e c t s  w o u l d  i n c l u d e  t h e  
p e r f o r m a n c e  v a r i a t i o n  as o p e r a t i n g  t e m p e r a t u r e  i s  
v a r i e d  o v e r  t h e  o r b i t  ( F i g .  3) due t o  s o l a r  expo-  
s u r e ,  E a r t h  a l b e d o ,  and s o l a r  c e l l  o u t p u t  power 
d e g r a d a t i o n  from e x p o s u r e  t o  t h e  space  r a d i a t i o n  
e n v i r o n m e n t  ( F i g .  4 ) .  F o r  e x a m p l e ,  F i g .  5 shows 
how a r r a y  r a d i a t i o n  e x p o s u r e  and  d e g r a d a t i o n  o v e r  
7 y e a r s  e x p o s u r e  can  be r e d u c e d  b y  i n c r e a s i n g  
c o v e r g l a s s  t h i c k n e s s  t o  f o r e s t a l l  r a d i a t i o n  d e g r a -  
d a t i o n .  I n c r e a s i n g  t h e  t h i c k n e s s  r e d u c e s  t h e  deg- 
r a d a t i o n  l e a d i n g  t o  l e s s  power l o s s  a t  end  of 
l i f e ,  b u t  a t  t h e  expense  o f  i n c r e a s i n g  a r r a y  mass.  
F i g .  6 shows t h e  o p t i m u m  c o v e r g l a s s  t h i c k n e s s  f o r  
t h a t  t r a d e o f f  a p p l i e d  t o  m i s s i o n  4 .  T a b l e  I1  sum- 
m a r i z e s  t h e  o r b i t  e n v i r o n m e n t a l  e f f e c t s  t h a t  were 
c o n s i d e r e d .  
The s y s t e m  components were  c h a r a c t e r i z e d  a t  
t h r e e  l e v e l s  o f  t e c h n o l o g y  a c c o r d i n g  t o  t h e  fo l low- 
i n g  d e f i n i t i o n s .  
Space S t a t i o n  E r a  
The c u r r e n t  s t a t e - o f - a r t ;  r o u g h l y  e q u i v a l e n t  
t o  NASA t e c h n o l o g y  l e v e l s  7 t o  9 .  Systems a r e  
w e l l  d e s c r i b e d  i n  t h e  space s t a t i o n  documen ts  and 
o t h e r  r e f e r e n c e s .  Hardware  d e v e l o p m e n t  p r o g r a m s  
a r e  i n  p l a c e .  S u p p o r t i n g  t e c h n o l o g i e s  a r e  a v a i l -  
a b l e  now ( a p p r o x i m a t e l y  1985 t e c h n o l o g y )  and  
f l i g h t  h a r d w a r e  w o u l d  be a v a i l a b l e  a c c o r d i n g  t o  
t h e  space  s t a t i o n  d e v e l o p m e n t  s c h e d u l e .  The space  
s t a t i o n  e r a  s o l a r  dynamic  sys tems  c o n s i d e r e d  were  
t h e  1000 K c l o s e d  B r a y t o n  c y c l e  (CBC) a n d  700 K 
o r g a n i c  R a n k i n e  c y c l e  (ORC) s y s t e m s ,  e m p l o y i n g  
pumped loop or h e a t  p i p e  r a d i a t o r s  for  h e a t  r e j e c -  
t i o n  [31. Space s t a t i o n  e r a  PV sys tems  were p l a -  
n a r  s i l i c o n  ( S i )  a r r a y s  comb ined  w i t h  I P V  n i c k e l  
h y d r o g e n  ( N i H )  b a t t e r i e s  f o r  e n e r g y  s t o r a g e  [ 4 1 .  
Near  Term -~ 
C o n s i d e r e d  e q u i v a l e n t  t o  NASA t e c h n o l o g y  
l e v e l s  6 t o  8 .  Sys tem c h a r a c t e r i z a t i o n s  a r e  based  
2 
on supporting technology believed to be available 
by 1993 to 1995 with some development. Perform- 
ance of critical hardware components has been 
demonstrated, component technologies and systems 
are described in the literature, reports or papers 
have been published. The component technologies 
considered to be near term for SD would be CBC at 
1100 K inlet or free piston Stirling (FPSE) at 
1050 K combined with a heat pipe radiator [51; the 
overall improvement for SD would come about mainly 
through increases in temperature. The near term 
PV system would typically be a lightweight planer 
Si array incorporating APSA technology [ 6 1  or a 
multiconcentrator GaAs array (MCPV) combined with 
improved IPV nickel hydrogen battery [ 7 1  or alka- 
line regenerative fuel cell (ARFC) for energy stor- 
age. The APSA is an advanced planar silicon array 
greatly reduced in weight; the MCPV array uses 
GaAs cells, which are more efficient than Si so 
that orbital drag is reduced. 
Advanced 
Current state of development roughly equiva- 
lent to NASA technology levels 2 to 5. System 
characterizations are based on supporting tech- 
nology that would be available if all goals of the 
technology development programs are realized. 
Technology could be available as early as FY2000 
given adequate resources - "Proposals in hand." 
The advanced solar dynamic systems would incorpo- 
rate ultra1 ightweight ( 2  kg/m2) concentrators E81 
and receivers E91 utilizing Mg2Si PCM thermal stor- 
age and employ either CBC or FPSE conversion at 
1350 and 1300 K respectively. Heat rejection 
would be in the form of an advanced radiator such 
as the liquid droplet or moving belt radiator [lo]. 
Advanced photovoltaic systems would be char- 
acterized by ultralightweight arrays utilizing 
high efficiency cells [11,121 in conjunction with 
high temperature sodium sulfur batteries [71 or 
advanced regenerative fuel cells [131. 
The component figures of merit as a function 
of technology timeframe for solar dynamic systems 
are summarized i n  Table 111. The photovoltaic sys- 
tems are likewise summarized in Table IV. 
When a competitive assessment is made it is 
important that the various technology levels are 
strictly defined. 
something that has not been developed yet to 
existing state-of-art. To ensure impartial 
comparison within the mission regime, a common set 
of ground rules and assumptions was applied to the 
designs, namely: 
( 1 )  Power system mass estimates include all 
components necessary to deliver electrical power 
to a common bussbar. The SD systems included all 
of the support structure, gimbals, fine pointing 
mechanism and hardware required to mount them to 
the spacecraft and track the Sun independent of 
spacecraft attitude. On the other hand, power con- 
ditioning was limited to a frequency changer to 
put it on a common footing with the PV system. 
For PV systems there was included, in addition to 
the PV array itself, all of the mast, joints, 
A common mistake is to compare 
structure, electrical leads and wiring harness, 
blanket box, roll rings, all of the power condi- 
tioning associated with charge and disc'large of 
the battery, and an inverter. +owever, thermal 
management of the electronic equipment was not 
included for either SD or PV. 
(2) The power systems were specified to 
deliver the same form of electrical power to the 
bussbar. Twenty kilohertz single phase ac was 
selected since it is appropriate for multikilowatt- 
electric power but yields no inherent integration 
advantage to either dynamic systems (low-frequency 
high voltage ac) or PVlbattery systems (low volt- 
age dc). Parts of Power Management and Distribu- 
tion (PMAD) downstream o f  the bussbar, which would 
be common to both systems, were excluded. 
(3) All the contingency, excess, redundancy 
and safety factors in reported component figures 
of merit were eliminated. For example, if a 
reported solar dynamic design used dual PCU's for 
redundancy, the study characterization based the 
converter weight on only one unit. 
( 4 )  Orbital drag was time averaged taking 
into account changes in frontal area with sun 
orientation during the orbit period. The space 
environment and orbital parameters were defined at 
nominal conditions. For example, Fig. 7 shows the 
atmospheric density that was assumed for missions 
1 and 2 ;  Fig. 8 shows the trapped electron and pro- 
ton environment that was applied to mission 3 pho- 
tovoltaic arrays. 
RESULTS 
The result of this study was two families of 
system conceptual designs to fill the matrix of 
cases given in Table V. Each system design 
resulted in a component mass breakdown and esti- 
mates of overall characteristics including total 
system mass. The total system mass would be not 
only the mass of all component hardware previously 
described, but also the mass of makeup propellant 
needed to overcome orbital drag during the mission 
(a thruster specific impulse o f  200 sec was 
assumed) .  
Table VI(a) summarizes the results for space 
station era technologies applied to mission 1 (the 
space station mission). The first column contains 
the estimated mass of all system hardware (with or 
without the cable tray and truss structures), fol- 
lowed by specific power in watts delivered per sys- 
tem kilogram. Not surorisingly, results mirror 
the space station design description [141. 
mass of propellant required for drag makeup. 
Although the hardware weights of these space sta- 
tion era systems are roughly equivalent, the solar 
dynamic system's reduced drag area results in lower 
overall mass than photovoltaics. For LEO missions, 
orbital drag discriminates against power systems 
with low collector efficiency. 
Considering the future growth space station 
The last column in the table indicates the 
(mission 2) Table VI(b) gives results for near 
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t e r m ,  and advanced  t e c h n o l o g y  c h a r a c t e r i z a t i o n s .  
I n  t h e  n e a r  t e r m ,  i n t r o d u c t i o n  o f  APSA t e c h n o l o g y  
w i l l  s i g n i f i c a n t l y  r e d u c e  t h e  w e i g h t  o f  p l a n a r  s i 1  
i c o n  a r r a y s  to where  h a r d w a r e  w e i g h t  of t h e  PV 
s y s t e m  w i l l  be l e s s  t h a n  s o l a r  d y n a m i c s .  However ,  
because c o l l e c t o r  e f f i c i e n c y  i s  l o w e r ,  i t s  g r e a t e r  
d r a g  n e g a t e s  t h e  h a r d w a r e  w e i g h t  a d v a n t a g e  a t  
r e d u c e d  a l t i t u d e s .  On t h e  o t h e r  hand  t h e  MCPV, 
w h i c h  emp loys  h i g h  e f f i c i e n c y  GaAS c e l l s  and  has 
l e s s  d r a g ,  i s  a p p r o x i m a t e l y  as h e a v y  as  t h e  s o l a r  
dynamic s y s t e m s .  
Use o f  a h i g h e r  s p e c i f i c  i m p u l s e  t h r u s t e r ,  
such  as  a n  a r c j e t  or i o n  t h r u s t e r ,  w o u l d  r e d u c e  
t h e  d r a g  makeup p e n a l t y  f o r  b o t h  p h o t o v o l t a i c  a n d  
s o l a r  dynamic  s y s t e m s .  S h o r t e r  m i s s i o n s  a n d  
h i g h e r  a l t i t u d e s  a l s o  r e d u c e  t h e  mass o f  p r o p e l -  
l a n t  r e q u i r e d .  
t h e  p h o t o v o l t a i c  s y s t e m  w e i g h t  d r o p s  a g a i n  m a i n l y  
due t o  i n t r o d u c t i o n  o f  h i g h e r  d e n s i t y  e n e r g y  s t o r -  
age ( s o d i u m - s u l f u r  b a t t e r y ) .  W i t h  t h e  i n t r o d u c -  
t i o n  o f  h i g h  e f f i c i e n c y  c e l l s  t h a t  a r e  a l s o  l i g h t  
i n  w e i g h t  (GaAs c e l l s  made b y  t h e  c l e f t  p r o c e s s )  
t o  t h e  i m p r o v e d  APSA a r r a y ,  d r a g  a r e a  i s  a l s o  
r e d u c e d .  A t  t h i s  p o i n t  t h e  d r a g  makeup p e n a l t y  i s  
a b o u t  t h e  same for b o t h  s y s t e m s ,  and  t h e  mass and  
d r a g  a d v a n t a g e  o f  s o l a r  d y n a m i c s  o v e r  t h e  P V ' s  
a p p e a r s  t o  be l o s t .  
T a b l e  V I ( c )  shows s y s t e m  t o t a l s  f o r  t h e  Van 
A l l e n  B e l t  m i s s i o n .  The PV s y s t e m  h a r d w a r e  mass 
i s  l e s s  t h a n  t h e  e q u i v a l e n t  s o l a r  dynamic  s y s t e m  
e v e n  t h o u g h  t h e  a r r a y  p e n a l t i e s  due t o  r a d i a t i o n  
d e g r a d a t i o n  i n  t h i s  o r b i t  h a v e  b e e n  t a k e n  i n t o  
a c c o u n t .  T h a t  i s  m a i n l y  because  l e s s  e n e r g y  s t o r -  
age i s  r e q u i r e d  s i n c e  t h e  d a r k s i d e  f r a c t i o n  of 
o r b i t  f o r  t h i s  m i s s i o n  i s  l e s s  t h a n  i n  LEO. S o l a r  
dynamic  sys tems  d o  not a p p e a r  c o m p e t i t i v e  for  t h i s  
m i s s i o n .  The g r e a t e r  d r a g  a r e a  o f  t h e  PV s y s t e m s  
a r e  n o t  a s i g n i f i c a n t  p e n a l t y  h e r e  because  a l t i -  
t u d e  i s  h i g h  enough  t h a t  o r b i t a l  d r a g  i s  
n e g l i g i b l e .  
T a b l e  V I ( d )  g i v e s  r e s u l t s  for  t h e  Sun- 
s y n c h r o n o u s  m i s s i o n .  The a l t i t u d e  i s  s t i l l  h i g h  
enough  t h a t  d r a g ,  a l t h o u g h  n o t  n e g l i g i b l e ,  i s  
s m a l l .  On a mass b a s i s  for  a l l  t h r e e  t e c h n o l o g y  
l e v e l s  c o n s i d e r e d ,  s o l a r  d y n a m i c  sys tems  h a v e  n o  
a p p a r e n t  a d v a n t a g e  o v e r  p h o t o v o l t a i c  sys tems  f o r  
t h i s  m i s s i o n  because  n o  d a r k  p e r i o d  e n e r g y  s t o r a g e  
i s  needed .  
When advanced  t e c h n o l o g i e s  a r e  c o n s i d e r e d ,  
CONCLUSIONS 
I f  a l l  o f  t h e  r e q u i r e d  componen t  t e c h n o l o g i e s  
for  s o l a r  dynamic  sys tems  a r e  d e v e l o p e d  as  
p r o j e c t e d ,  t h e i r  mass and  d r a g  a d v a n t a g e  o v e r  pho-  
t o v o l t a i c  sys tems  w i l l  be m a i n t a i n e d  o n l y  a t  low 
a l t i t u d e s  where  o r b i t a l  d r a g  a n d  shade  p e r i o d  i s  
a p p r e c i a b l e .  T h i s  a d v a n t a g e  i s  e r o d i n g  as  new PV 
and  b a t t e r y  t e c h n o l o g i e s  a r e  i n t r o d u c e d .  
for  LEO ( m i s s i o n  2 )  c o u l d  b e  i m p r o v e d  o v e r  SOA 
t h r o u g h  r e a l i z a t i o n  o f  advanced  componen t  
F i g u r e  9 summar i zes  how s o l a r  dynamic  sys tems  
t e c h n o l o g i e s  i n  t h e  n e a r  t e r m  a n d  b e y o n d .  I n  t h e  
n e a r  t e r m ,  t h e  CBC w o u l d  i m p r o v e  as a r e s u l t  o f  
h i g h e r  i n l e t  t e m p e r a t u r e s ,  and  a d o p t i o n  o f  t h e  
FPSE c o u l d  y i e l d  a n  a d d i t i o n a l  improvemen t  o v e r  
t h a t ,  due t o  t h e  S t i r l i n g ' s  f l a t t e r  h e a t  r e j e c t i o n  
c h a r a c t e r i s t i c  ( r e q u i r e s  l e s s  r a d i a t o r  a r e a ) .  How- 
e v e r ,  t h e  g r e a t e s t  o v e r a l l  improvemen t  c o u l d  be 
made b y  d e v e l o p m e n t  o f  t h e  advanced  c o n c e n t r a t o r  
a n d  h e a t  r e c e i v e r ,  w h i c h  i s  a p p l i c a b l e  t o  b o t h  CBC 
a n d  S t i r l i n g .  
f o r m a n c e  i s  n o t  l i m i t e d  b y  e n g i n e  h i g h  t e m p e r a t u r e  
c a p a c i t y  b u t  t h e  a b i l i t y  o f  t h e  c o n c e n t r a t o r /  
r e c e i v e r  t o  a c h i e v e  t h a t  t e m p e r a t u r e .  
L o o k i n g  f o r w a r d  t o  f u r t h e r  a d v a n c e d  t e c h n o l o -  
g i e s  t h e  c o n c e n t r a t o r  may be r e d u c e d  i n  w e i g h t  b y  
a f a c t o r  o f  t h r e e  o r  more ,  and  t h e  r a d i a t o r  b y  a 
f a c t o r  of two or more from SOA. Based o n  t h e  d a t a  
p r e s e n t e d  h e r e i n ,  t h e  o v e r a l l  d e v e l o p m e n t  p a y o f f  
t h a t  c o u l d  r e s u l t  w o u l d  be a p p r o x i m a t e l y  t h r e e f o l d .  
However ,  t h e  p h o t o v o l t a i c  sys tems  f o r  t h e s e  
m i s s i o n s  w i l l  u n q u e s t i o n a b l y  be i m p r o v e d  o v e r  t h e  
same t i m e  p e r i o d s  ( F i g .  10) s i n c e  t h e i r  component  
t e c h n o l o g i e s  a l s o  have  d e v e l o p m e n t  p r o g r a m s  i n  
P l a c e ,  e x c e e d i n g  t h e  e x p e n d i t u r e  f o r  SD component  
deve lopmen t  b y  more t h a n  10  t o  1 .  Based o n  t h e  
s t u d y  d a t a ,  t h e  o v e r a l l  d e v e l o p m e n t  p a y o f f  f o r  PV 
a p p l i e d  t o  m u l t i - k i l o w a t t  LEO m i s q i o n s  a p p e a r s  to  
be a f o u r f o l d  r e d u c t i o n  i n  s y s t e m  h a r d w a r e  w e i g h t .  
C o m p e t i t i v e  c h a r a c t e r i z a t i o n  o f  space  power  
U l t i m a t e l y  s o l a r  dynamic  s y s t e m  p e r -  
sys tems  w h i c h  h a v e  n o t  been  d e v e l o p e d  y e t  i s  a t  
b e s t  a s p e c u l a t i v e  e f f o r t .  The f o r e g o i n g  c o m p a r i -  
son i s  a p r e d i c t i o n  based  o n  a n t i c i p a t e d  f u t u r e  
d e v e l o p m e n t ,  a n d  i s  made o n l y  on t h e  b a s i s  o f  s y s -  
tem mass and  d r a g .  W h i l e  i t  i s  i n d i c a t i v e  o f  t e c h -  
n o l o g i c a l  t r e n d s  i t  does n o t  r e p r e s e n t  a l l  o f  t h e  
c r i t e r i a  f o r  power  s y s t e m  s e l e c t i o n .  T h e r e  a r e  
o t h e r  i m p o r t a n t  a t t r i b u t e s ,  i n c l u d i n g  b u t  n o t  l i m -  
i t e d  to :  l i f e  c y c l e  c o s t s ,  s y s t e m  r e l i a b i l i t y ,  
g r a c e f u l  d e g r a d a t i o n  r e s p o n s e  t o  f a i l u r e ,  ease  o f  
s p a c e c r a f t  i n t e g r a t i o n  a n d  ( f o r  m i l i t a r y  m i s s i o n )  
s u r v i v a b i l i t y  t o  h o s t i l e  t h r e a t s  w h i c h  may t a k e  
p r e c e d e n c e  o v e r  mass and  d r a g ,  d e p 2 n d i n g  o n  t h e  
s p e c i f i c s  o f  t h e  m i s s i o n .  When t h e s e  o t h e r  a t t r i -  
b u t e s  ( s u c h  as  r a d i a t i o n  h a r d n e s s )  a r e  c o n s i d e r e d ,  
t h e r e  may be m i s s i o n s  whose r e a u i r e m e n t s  a r e  more  
u n i q u e l y -  s u i t e d  
m i  1 i t a r y  m i  s s i o  
t h e  scope  o f  t h  
t e c h n o l o g i e s  w i  
o r e s e n t  t i m e .  
1 .  M.O. D u s t i n  
M i g r a ,  A.J. 
S o l a r  Dynam 
to  s o l a r  dynami'cs, ( n e a r - S u n  or  
s )  or  may y i e l d  a d v a n t a g e s  beyond  
s c o m p a r i s o n  - t h e r e f o r e ,  b o t h  
1 c o n t i n u e  t o  be p u r s u e d  a t  t h e  
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A p p l i c a t i o n  
Space s t a t i o n  
(min imum a l t i t u d e  
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G r o w t h  space 
s t a t i o n  
Van A l l e n  b e l t  
( m i l i t a r y  m i s s i o n .  
E a r t h  o b s e r v a t i o n  
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S o l a r  i n s o l a t i o n  
E a r t h  s h i n e  
R a d i a t i o n  ( t r a p p e d  e l e c t r o n  
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P o s i t i o n  o f  s p a c e c r a f t ,  
EDoch 
P o s i t i o n  and o r i e n t a t i o n  




P o s i t i o n  of s p a c e c r a f t ,  
P o s i t i o n  of s p a c e c r a f t ,  
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s t a t i o n  
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C h a r a c t e r i s t i c  
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C e l l  e f f i c i e n c y ,  p e r c e n t  
A r r a y  s p e c i f i c  power,  Wlkg 
P l a n a r  APSA MCPV APSA 
S i  p l a n a r  S i  GaAs p l a n a r  S i  
Energy s t o r a q e  
C lD  u n i t  s p e c i f i c  power,  Wlkg 
FC and EU s p e c i f i c  power,  Wlkg 
CI  e f t  C l e f t  
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E f f i c i e n c y ,  p e r c e n t  
O p e r a t i n g  t e m p e r a t u r e ,  "C  
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p e r c e n t  
aPV source  c o n t r o l l e r ,  
N i  H 2  
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87 _ _ _ _  
20 
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TABLE V .  - M A T R I X  OF CASES 
Space s t a t i o n  t e c h n o l o g y :  
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PV ( S i l R F C )  
MCPV (GaAslNiH2)  
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Van A l l e n  B e l t  
( m i l i t a r y  m i s s i o n )  
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375  I 375  I 
M i s s i o n  4 
Sun-synchronous 
E a r t h  o b s e r v a t i o n  
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S o l a r  dynamic  (ORC) 
S o l a r  dynamic  (CBC) 
Sys tem S p e c i f i c  T o t a l  P r o p e l l a n t  
h a r d w a r e  power ,  d r a g  a r e a ,  needed,b 
w e i g h t  ,a  W/kg m2 kg 
kg 
5953 4 . 2 0  155 .08  4 668 
(521 1 )  ( 4 . 8 0 )  
5933 
( 5 1 9 1 )  
128 .61  
( 4 . 8 2 )  
3 871 
P h o t o v o l t a i c  ( S i / N i H 2 )  5760 4 . 3 4  3 5 9 . 0 6  1 ( 5 4 2 5 )  1 ( 4 . 6 1 )  1 
( b )  Near  t e r m  and advanced  - m i s s i o n  2 
Near  t e r m  
S o l a r  dynamic  (CBC) 
S o l a r  dynamic  (FPSE) 
P h o t o v o l t a i c  ( S i / N i H Z )  
P h o t o v o l t a i c  (S i /ARFC)  
P h o t o v o l t a i c  (MCPV/NiHz) 
6800 
( 5 8 6 5 )  
5489 
( 4 5 5 4 )  
4890 
( 4 5 0 9 )  
4066 
( 3 6 6 9 )  
6076 
( 5 7 4 1 )  
5 . 1 5  
( 5 . 9 7 )  
6 .38  
( 7 . 6 9 )  
7 . 1 6  
( 7 . 7 6 )  
8 . 6 1  
( 9 . 5 4 )  
5 . 7 6  
( 6 . 1 0 )  
S o l a r  dynamic  ( C B C )  
S o l a r  dynamic  ( F P S E )  
P h o t o v o l t a i c  (GaAs/NaS) 
P h o t o v o l t a i c  (GaAs/ARFC) 
Advanced 
3465 
( 2 6 8 6 )  
2824 
( 2 0 4 5 )  
21 18 
( 1879)  
1949 
( 1 7 0 7 )  
IO. 1 
( 1 3 . 0 3 )  
1 2 . 3 9  
( 1 7 . 1 1 )  
1 6 . 5 3  
( 1 8 . 6 3 )  
17 .96  
( 2 0 . 5 0 )  
154 .72  
1 2 8 . 6 3  
3 7 4 . 9 5  
4 0 9 . 8 3  
247 .01  
109 .13  
9 3 . 9 2  
151 . 8 2  










aNumber i n  p a r e n t h e s i s  i s  mass o f  s y s t e m  w i t h o u t  i n t e g r a t i o n  h a r d w a r e  
b S p e c i f i c  i m p l u s e  o f  200 sec assumed fo r  d r a g  makeup t h r u s t e r .  
( c a b l e  t r a y s  and t r u s s ) .  
8 
System S p e c i f i c  T o t a l  
ha rdware  power.  1 d r a g  a r e a ,  
w e i g h t  ,a  v i /kg I m2 
k g  
S o l a r  dynamic (CBC) 
S o l a r  dynamic (FPSE) 
P h o t o v o l t a i c  ( S i I N i H 2 )  
P h o t o v o l t a i c  (S i lARFC) 
P h o t o v o l t a i c  (MCPV/NiH2) 
P - o p e l l a n t  
?eeaed,  
'(4 
S o l a r  dynamic (CBC) 
S o l a r  dynamic (FPSE) 
P h o t o v o l t a i c  (GaAslNaS) 
P h o t o v o l t a i c  (GaAs/ARFC) 
1507 




(952 )  
99 1 
( 906 )  
1146 
(1080)  
4 .64  
(5 .30 )  
5 . 6 4  
( 6 . 6 4 )  
6 .77  
( 7 . 3 5 )  
7 .06  
( 7 . 7 3 )  
6 .11 
( 6 . 4 8 )  
Advanced 
10.17 
(532 )  688 1 ( 1 3 . 1 6 )  
12 .48  
(405)  ( 1  7 . 2 8 )  
16.13 
(385 )  ( 1 8 . 1 8 )  
499.2 14.02 
(450 )  ( 1 5 . 5 6 )  
29.58 
2 5 . 1 7  




17 .30  
33.52 
37.12 
( d )  Near t e r m  and advanced - m i s s i o n  4 
Near t e r m  
S o l a r  dynamic (C8C) 
S o l a r  dynamic (FPSE) 
P h o t o v o l t a i c  ( S i )  






(528 )  
782 
(697 )  
5 .84  
( 6 . 9 2 )  
7 . 5 0  
( 9 . 3 8 )  
16.10 
( 1 8 . 9 4 )  
12.79 




58 .17  
35 .62  
S o l a r  dynamic (CBC) 
S o l a r  dynamic (FPSE) 
826 12 .11  20.55 
(604 )  1 ( 1 6 . 5 6 )  1 4 
67 1 14 .90  17.41 4 
(448 )  1 ( 2 2 . 3 2 )  1 1 
P h o t o v o l t a i c  (GaAs) 347 28 .  a2 1 ( 2 8 5 )  1 35.14 24.62 5 
aNumber i n  p a r e n t h e s i s  i s  mass o f  sys tem w i t h o u t  i n t e g r a t i o n  ha rdware  
b S p e c i f i c  i m p l u s e  o f  200 sec assumed f o r  d r a g  makeup t h r u s t e r .  
c a b l e  t r a y s  and t r u s s ) .  
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1 MeV ELECTRON FLUENCE. ELECTRONS/Cm 
FIGURE 4. - SOLAR CELL Pmax DEGRADATION. 
E M  FLUENCE - 
J 
60 
COVERGLASS THICKNESS, m i l  
FIGURE 5. - EFFECT OF COVERGLASS THICKNESS ON PV ARRAY 
( S I )  DEGRADATION. MISSION 4. (1 MeV ELECTRON EQUIVA- 
LENCE). 
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FIGURE 6. - EFFECT OF COMRGLASS THICKNESS ON PV ARRAY 
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TECHNOLOGY 
FIGURE 10. - SPECIFIC WEIGHT BREAKDOWN VERSUS TECHNO- 
GIES, PV. 
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